The propagation of slow compressional waves in air-saturated permeable solids was studied by experimental means between 10 and 500 kHz. The velocity and attenuation coefficient were measured as functions of frequency from the insertion delay and loss of airborne ultrasonic waves transmitted through thin slabs of 1-5 mm in thickness. Porous ceramics of 2-70 Darcy and natural rocks of 200-700 mDarcy permeability were tested. In the low-frequency (diffuse) regime, the experimental results are consistent with theoretical predictions; the phase velocity and attenuation coefficient are essentially determined by the permeability of the specimen and both increase proportionally to the square root of frequency. In the high-frequency (propagating) regime, the experimental results are consistent with the theoretical predictions for the phase velocity but not for the attenuation coefficient. The phase velocity asymptotically approaches a maximum value determined by the tortuosity of the specimen while the attenuation coefficient becomes linearly proportional to frequency instead of the expected square-root relationship. It is suggested that the observed discrepancy is due to the irregular pore geometry that significantly reduces the high-frequency dynamic permeability of the specimens.
INTRODUCTION
The most interesting feature of acoustic wave propagation in fluid-saturated porous media is the appearance of a second compressional wave, the so-called slow wave. The existence of a slow compressional wave in an isotropic and macroscopically homogeneous fluid-saturated porous medium was predicted by Biot in 1956. ]'2 The main characteristic of this mode is that its velocity is always lower than both the compressional wave velocity in the fluid and the longitudinal velocity in the solid frame. Below a critical frequency, which depends on the pore size in the frame and the viscosity of the fluid, the slow compressional wave is highly dispersive and strongly attenuated over a single wavelength. Above this critical frequency, it becomes a dispersion-free propagating wave with increasing but fairly low attenuation. The slow compressional wave represents a relative motion between the fluid and the solid frame. This motion is very sensitive to the viscosity of the fluid and the dynamic permeability of the porous formation. Naturally, low-viscosity liquids such as water are the fluids most often used in experimental studies of slow wave propagation. However, it will be shown in this paper that it also makes good sense to use gaseous fluids such as air to saturate the porous specimens.
Since 1980, when Plona was able to observe slow wave propagation in water-saturated porous ceramics, 3 the question of why slow waves cannot be detected in real rocks has been one of the major issues in the acoustics of fluidsaturated materials. Klimenatos and McCann showed that this lack of perceivable slow wave propagation is probably due to inherent internal impurities, such as submicron clay particles, found in all types of natural rocks. 4 These clay particles are deposited within the pore throats and on the surfaces of the rock grains as well as suspended in the fluid.
The clay content greatly increases viscous drag between
the fluid and solid frame, which results in excessive attenuation and usually complete disappearance of the slow wave. Recently, Gist suggested a simple model to demonstrate that, due to inherent pore-wall roughness, the attenuation of the slow compressional wave in rocks can be many times higher than the predictions of the Blot theory. 5
The excess viscous drag explains the difficulty to detect the slow wave in fluid-saturated rocks as well as the observed correlation between ultrasonic attenuation and clay content in sandstones. One way to reduce the excessive attenuation of slow waves in porous materials is to use special fluids of very low viscosity to saturate the specimen. For instance, superfluid 4He below 1.1 K has been shown to work very well in fused glass bead samples, 6 superleak materials consisting of compacted powders, 7-9 and in sand- nately, this does not happen in most natural rocks where the shear velocity is rather low). On the other hand, in the case of air saturation, the slow compressional wave is at least 70 dB stronger than all other modes and, due to the very low sound velocity in air, the shear critical angle drops below 15 ø, above which only the slow wave is transmitted through the sample. This means that the highly attenuated slow wave is submerged in electrical noise rather than spurious signals so it can be easily recovered by simple time-averaging. In spite of the excellent coupling between the incident compressional wave and the transmitted slow wave and the obvious advantage of saturating the specimen with lowviscosity air rather than high-viscosity water, slow wave propagation in air-filled porous samples has never been extensively studied above the critical frequency where it becomes a propagating mode. It should be mentioned that considerable work has been done on air-filled porous materials in the so-called diffuse regime, i.e., at relatively low frequencies between 50 Hz and 4 kHz? -17 Above the critical frequency, slow waves are not expected to propagate in air-saturated porous samples as well as in water-saturated ones? Since the kinematic viscosity of air is so large and the velocity of sound so small, there is but a very narrow frequency window where the attenuation coefficient is sufficiently low to observe a more or less dispersion-free, scattering-free slow wave. This "window" is set by the conditions that the viscous skin depth 5=(2•1/to) 1/2, where to denotes the angular frequency, be less than the pore size ap and, simultaneously, the wavelength )[ be larger than the grain size ag. Table I 
where p(to) and K(r0) denote the complex density and the complex modulus, respectively, of the air-saturated material. The complex density includes the effect of viscosity ] , 
where J0 and Jl are the zero-and first-order Bessel functions and i is the imaginary unit. For cylindrical tubes, the normalized pore radius is exactly known: 
where go is the static permeability, %0 is the real-valued high-frequency tortuosity, and st, is the so-called pore shape factor ratio that is usually between 0.1 and 0.5. Attenborough's analytical technique provides a unified model for both low-frequency (diffuse) and highfrequency (propagating) regimes of the slow compressional wave in air-saturated porous solids. It uses four ba- 
where % denotes the "acoustic" permeability:
According to Attenborough's model, only three independent parameters can be determined from acoustic measurements on air-filled porous solids: porosity •fi, highfrequency tortuosity too, and the low-frequency acoustic permeability tq, which is a combination of the static permeability •0 and the pore shape factor ratio st,. The latter one is always less than 0.5 while y is higher than one for 
can be expressed as
Tm(ca) = T? ig•l exp(icad/va)exp(--a•), (23)
where d is the thickness of the specimen and Va and aa are the apparent velocity and attenuation coefficient, which are corrected according to d. Figure 5 shows the apparent velocity and attenuation coefficient of the slow compressional wave in air-filled cemented glass bead specimen grade 55 as functions of frequency for different sample thicknesses. Because of the larger impedance mismatch and the additional phase shift at lower frequencies, the apparent velocity drops while the apparent attenuation increases in thin sampies. In the propagating regime (above approx. 60 kHz), the corrections are negligible. Figure 6 shows the block diagram of the experimental system used in this study. It is based on a recently developed method using the transmission of airborne ultrasonic waves through thin plates of air-filled porous specimens to investigate the propagation parameters of the slow compressional wave.
II. EXPERIMENTAL TECHNIQUE AND RESULTS
• Standard ultrasonic NDE equipment was used without any particular effort to obtain high generation or detection sensitivity. The rather poor coupling between the applied contact transducers and air resulted in a rather low, but fairly constant, sensitivity over a wide frequency range of 50-500 kHz. In certain cases, we replaced the ultrasonic transmitter and receiver by a corn- plicated pore structure to demonstrate the feasibility of ultrasonic evaluation of such less-permeable formations, too. The first series of experiments were conducted on cemented glass bead specimens previously listed in Table I . Generally, we found excellent consistency between the theoretically predicted and experimentally measured slow wave velocities. Figure 7 shows two examples of the comparison between theoretical and experimental results for grades 55 and 90. For the attenuation coefficient, the agreement is less perfect. Figure 8 shows the comparison between the theoretical and experimental results for grades 15 through 175. For the smallest pore size (grade 15), the agreement is still acceptable indicating that the total attenuation is dominated byviscous losses throughout the whole frequency range. As the pore size is gradually increased, viscous losses decrease while scattering losses become stronger. As we have shown above (see Table I ), there is not a frequency-window where both viscous and scattering losses are simultaneously negligible in air-saturated porous materials. At first only at higher frequencies (grades 40 and 55) then throughout the whole frequency range (grades 90 and 175), the experimentally observed attenuation coefficient significantly overshoots the theoretical Fig. 8(b)-(e) ].
The primary purpose of our experiments on synthetic porous materials was to demonstrate the accuracy of the measuring system and to verify the feasibility of Attenborough's simple model for random but statistically welldefined permeable formations. Our next step was the adaptation of this technique to natural rocks of relatively high permeability between 100 and 1000 mDarcy. Basically, the results were fairly similar to those obtained for synthetic materials, although the scatter of the data became somewhat larger due to inherent macroscopic inhomogeneities found in most natural rocks. Table III lists the materials used in this part of the study as well as their relevant physical and geometrical properties. The pore shape factor ratio is between 0.2 and 0.3, i.e., significantly lower than for the glass bead specimens. With the exception of the permeability of the Berea sandstone specimen, which was measured at the Lawrence Livermore National Laboratory, all parameters were adjusted to obtain the best agreement between the analytical results and the experimental data. Later we plan to determine the three basic material parameters, namely the porosity, the permeability, and the tortuosity, by separate measurements and adjust only the pore shape factor ratio, which is the only truly independent acoustic parameter. Figures 9-12 show the normalized slow wave velocity and attenuation coefficient in different natural rocks. Again, the experimentally measured velocity is consistent with the analytical results while the attenuation coefficient exhibits higher-than-predicted values and more or less linear frequency dependence [the strange behavior of the calculated "apparent" attenuation coefficient at low frequencies is caused by the increasing contribution of the impedance mismatch in the total insertion loss, as it was shown in Fig. 5(b) 
III. DISCUSSION
Transmission of airborne ultrasonic waves through thin air-filled porous plates was used to study slow wave propagation in permeable solids. In the diffuse regime, i.e., at low frequencies, the velocity and the attenuation coefficient contain the same information on the permeable formation. The attenuation is linearly while the velocity is inversely proportional to the square root of •6s2•/%. Since the static permeability % and the pore shape factor ratio sp always occur in the same combination through the normalized pore radius •, they cannot be separated by acoustical measurements. Instead, K0/• was used to define a new material parameter, the so-called acoustic permeability K a, which can be determined from the low-frequency propagation parameters of the slow compressional wave. Comparison of the acoustic permeability K a and the static permeability % could yield valuable information on the geometry of the pore space.
In the propagating regime, i.e., at high frequencies, only the velocity seems to be consistent with the theoretical predictions. Anyway, the velocity by itself is sufficient to determine the high-frequency tortuosity r Since, at least in the upper part of the frequency range, the grain size is comparable to the wavelength, the observed excess attenuation could be caused by elastic scattering. For example, the diameter of the cemented glass beads in grade 175 is d,•600 ttm, i.e., kdg•>l above 60 kHz. Unfortunately, at this point, there seems to be no theoretical prediction available in the literature for the scattering induced attenuation of the slow compressional wave in permeable solids. On the other hand, even without further calculations, we can postulate from the linear frequency dependence of the attenuation coefficient that it has to be independent of the characteristic dimension of the scatterer. This is because the dimensionality of the problem requires that the normalized attenuation be independent of the size of the scatterer when it is independent of the wavelength. This conclusion is at least not contradicted by our experimental results in the self-similar glass bead specimens, where the grain size changed approximately one order of magnitude without any significant change in the high-frequency slope of the attenuation versus frequency curve. Of course, this apparent confirmation might be a pure coincidence and cannot prove by itself that the observed excess attenuation is caused by elastic scattering. Actually, it would be rather unusual if the scattering induced attenuation turned out to be independent of the scatterer's size.
The excess attenuation could be also caused by increased viscous drag due to the rather uneven pore geometry or surface roughness. At very high frequencies, where the viscous skin depth •5 is so much smaller than the pore radius ap that it becomes comparable to the pore-wall surface roughness h, the viscous drag sharply increases and the attenuation of the slow compressional wave increases with frequency much faster than the expected square-root relation. This is because the peaks of the surface profile protrude into a region where the fluid velocity is already significant thereby greatly increasing the friction between the solid frame and the moving fluid column. In a recent paper, 25 Gist used Norris' analytical technique 26 for the In the low-frequency diffuse regime, the normalized attenuation is constant at 2rr. At the transition between the diffuse and propagating regimes, the normalized attenuation starts to decrease and approaches an inverse squareroot frequency dependence. At very high frequencies, where the viscous skin depth becomes negligible to the surface roughness, the normalized attenuation would again assume an inverse square-root frequency dependence but for the very high scattering losses. In liquid-saturated specimens, the attenuation coefficient can drop to a very low value before scattering losses become important. In airsaturated specimens, there is not such a wide window for more or less attenuation-free, dispersion-free slow wave propagation and the attenuation coefficient cannot significantly drop before scattering losses start to dominate. Consequently, the relative role of the surface roughness induced excess attenuation is much higher in water-saturated samples than in air-saturated ones. Although there is very little known about the actual frequency dependence of the slow wave attenuation in water-saturated porous solids, the predicted linear relationship seems to be in good agreement with previously published data by Plona and Winkler (see lines B and C in Fig. 4 of Ref. 24) . In air-saturated samples, the surface roughness induced excess attenuation is more difficult to separate from scattering losses which also start to give significant contributions to the observed total attenuation immediately above the diffuse regime. Obviously, further analytical efforts are needed to develop approphate models for these attenuation mechanisms so that the measured data can be evaluated in terms of microscopic geometrical properties of the permeable formation.
IV. CONCLUSIONS
The propagation of slow compressional waves in airsaturated permeable solids was studied by experimental means between 10 and 500 kHz. Due to the excellent sensitivity of the suggested experimental technique, lowpermeability materials including natural rocks can be inspected, too. Currently, the threshold sensitivity of our system is approximately 100 mDarcy. In the low-frequency (diffuse) regime, the experimental results are consistent with theoretical predictions. The phase velocity and attenuation coefficient are determined by the "acoustic" permeability of the specimen and both increase proportionally to the square root of frequency. In the high-frequency (propagating) regime, the experimental results are consistent with the theoretical predictions for the phase velocity but not for the attenuation coefficient. The phase velocity asymptotically approaches a maximum value determined by the tortuosity of the specimen while the attenuation coefficient becomes linearly proportional to frequency instead of the expected square-root relationship. It was suggested that the observed discrepancy is partly due to irregular pore geometry and partly to pore-wall roughness, which substantially reduce the high-frequency dynamic permeability of the specimens. In addition, scattering losses also give significant contributions to the observed total attenuation, since, for air saturation, there is no frequency "window" where both viscous and scattering losses are weak simultaneously. Further theoretical efforts are needed to incorporate these excess attenuation mechanisms into existing analytical models. 
